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We have studied the dynamics of photo-chemically active colloids made out of silica cores half
covered by successive thin layers of Ti and titania, respectively, and moving within aqueous peroxide
solutions when exposed to ultra-violet (UV) light. The particles, initially sedimented at the bottom
glass wall, exhibit wall-bound states of motion, dependent on the size of the particle, when illumi-
nated from underneath the wall. Upon increasing the intensity of the UV light above a threshold
value, which is also dependent on the size of the particle, the particles lift off the wall and move
way from it, i.e., they exhibit a photo-gravitactic behavior bearing similarities with that of mi-
croorganisms such as phytoplankton and zooplankton. These dependencies on the particle size are
rationalized by using a theoretical model of self-phoresis that explicitly accounts for the “shad-
owing” effect of the Ti/titania layers. This allows us to unequivocally identify the photochemical
activity and phototactic response as the key mechanisms beyond the observed phenomenology. Con-
sequently, one has the means to design photo-gravitatic particles that can reversibly switch between
operating near a boundary or in the volume away from the boundary by judiciously adjusting the
light intensity, i.e., simply by “turning a knob”.
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I. INTRODUCTION
Phototactic swimming against gravity is an interest-
ing behavioral feature exhibited by a number of microor-
ganisms like phytoplankton and zooplankton [1–4]. The
photo-response to sunlight provides these swimmers with
the ability to discern “up” from “down” in their choice
of favorable living space: many of these species perform
daily migration towards the upper layers of water to get
more sunlight during the day, and then return to the
lower layers during the night [1, 2, 5, 6]. Incorporating
such photo- and gravi-tactic responses in synthetic swim-
mers holds the very promising feature of achieving well
controlled, complex three-dimensional motion and pre-
cise positioning at various depths within a liquid layer.
For synthetic swimmers in the form of chemically ac-
tive colloids, a gravitatic response can be achieved sim-
ply by “bottom heaviness” even for spherical shapes, as
it has been shown by Ref. [7] and thoroughly analyzed
theoretically in Ref. [8]. By employing particles with
anisotropic shapes, e.g., L-shaped colloids with either the
long or the short edge decorated by catalyst, a much more
complex motion emerges: on an inclined surface, the par-
ticles exhibit both motion aligned with the direction of
the gravity (the inclination of the plane) as well as per-
pendicular to it [9]. Additionally, in-plane phototactic
response to light gradients, due to the chemical activity
of the surface of the particle being proportional to the lo-
cal intensity of light, has also been recently reported for
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the same carbon-silica particles in critical binary mixture
[10] as well as for titania decorated particles in peroxide
solutions [11].
It is clear that achieving motion against gravity re-
quires that the particle align its direction of motion to
have a component along the vertical. Additionally, its
self-motility must be strong enough to overcome its sed-
imentation velocity (assuming that the particle is heav-
ier than the suspending fluid). When the mechanism of
propulsion is dependent on the intensity of light, achiev-
ing phototactic motion against gravity thus requires spe-
cific particle design and illumination conditions to allow
the above conditions to be met. Here, we demonstrate
experimentally that photo-gravitactic swimming can be
achieved with light powered chemically active Janus par-
ticles that exhibit, additionally, a “geometrical shadow-
ing” effect, in that only the part of catalyst directly ex-
posed to light is active. We show that for sufficiently
large light intensity, above certain threshold values that
are dependent on the size of the particle, a lift-off from
the surface occurs and the particles swim upward, away
from the light source and against gravity, as schemati-
cally shown in Fig. 1(a). Furthermore, we show that
for light intensity below the lift-off threshold, the par-
ticles exhibit a two-dimensional wall-bound motion; the
exact nature of this wall-bound state is also dependent
on the size of the particles. By employing the theoreti-
cal framework of self-phoresis [12, 13] and explicitly ac-
counting for the “geometrical shadowing” effect, the size-
dependent phenomenology revealed by the experiments is
rationalized and the mechanisms behind it are identified.
In particular, this allows us to unequivocally identify the
2photochemical activity and phototactic response, rather
than bottom heaviness, as the key factors beyond the ob-
served phenomenology. These findings provide an avenue
for novel applications of chemically active colloids, in that
one has the means to design photo-gravitatic particles
that can, e.g., reversibly switch between operating near
a boundary or in the volume away from the boundary by
judiciously adjusting the light intensity. Additionally, for
a polydisperse mixture of active particles, one could ex-
ploit the size-dependence of the lift-off threshold, tuning
the light intensity to address particles in a specific size
range and move them in or out of the boundary region.
II. RESULTS AND DISCUSSION
II.1. Photo-gravitactic swimming experiments
The light driven, self-propelled particles are fabricated
by coating a hemisphere of spherical SiO2 particles with
a 5 nm film of metallic Ti followed up by a 50 nm anatase
TiO2 film (see Sect. IV for the details of the preparation
process). A representative SEM image of the resulting
silica-titania Janus particles is shown in Fig. 1(b), and
the layered structure of the resulting particles is repre-
sented schematically in Fig. 1(c). We have investigated
the motion of such chemically active colloids of two dif-
ferent sizes (radii R = 0.5 µm and 1.0 µm, respectively1)
as a function of the light intensity of the UV illumination
(see Sect. IV for the details about illumination conditions
and experimental setup).
When dispersed in an aqueous hydrogen peroxide solu-
tion (2% H2O2, volume concentration), we observe that
in the absence of illumination the particles sediment at
the bottom wall and exhibit normal Brownian motion.
As shown in Fig. 2 (a) and (e), neither the larger nor the
smaller particles exhibit any pronounced bottom heavi-
ness: the catalytic caps are at various orientations with
respect to the wall, rather than predominantly facing
down, towards the wall. This is in agreement with the-
oretical estimates [7, 14] based on employing the simple
egg-shell model for the catalytic spherical cap [7]); for
the Janus colloids described above (sizes and materials)
suspended in the aqueous peroxide solution, the thermal
equilibrium orientation of its symmetry axis exhibits a
very weak preference (a potential well ∼ 1 kBT , with kB
the Boltzmann constant and T the room temperature),
for the catalytic cap “facing down”.
Upon turning on the source of UV light (365 nm
wavelength) located underneath the bottom glass wall,
photo-catalytic decomposition of the peroxide at the ti-
tania covered surface proceeds according to the reaction
1 The radius of the particle refers to the spherical core of silica, as
provided by the manufacturer.
FIG. 1. a) Schematic drawing summarizing the main result
of a transition from wall-bound two- dimensional motility of
the photochemically active Janus particles at low intensity
of light to a three-dimensional photo-gravitactic motion upon
increasing the light intensity. The light and dark blue colors of
the circular patches depict the cases of low and high intensity
of light, the light-source being located beneath the bottom
glass wall (depicted by the planar grid). b) SEM image of the
silica-titania Janus particles showing the TiO2 cap (in lighter
gray) coated on top of the SiO2 sphere. c) Schematic drawing
depicting the layered structure of the photocatalytic cap.
scheme in Eqs. (1) [15–18]
TiO2 + ~ω → h
+ + e− (1a)
H2O2 + 2h
+ → O2 + 2H
+ (1b)
H2O2 + 2e
− + 2H+ → 2H2O . (1c)
Consequently, the solution around the particle is driven
out of equilibrium and the gradients in chemical composi-
tion of the solution are expected to induce a self-phoretic
motion of the particle [11, 14, 19–27]. Indeed, as shown
in Fig. 2(b) and (c), we observe the particles setting in
motion upon turning on the UV light source. However,
in comparison to the previously reported in-plane photo-
tactic motion [10, 11], a much richer swimming behavior
is observed in our system. While at low and moderate
values of the light intensity the particles exhibit a wall-
bound, two-dimensional motion (Fig. 2(b) and (f)), we
find that at sufficiently large light intensity, there is a
“lift-off” transition: the particle swims into the bulk so-
lution, away from the bottom wall. This is indicated by
the out-of-focus diffuse rings in Fig. 2(c) and (g), and
3FIG. 2. (a)-(c) and (e)-(g): snapshots of the typical motion of photo-chemically active Janus particles at various values of the
light intensities. (a)-(c) and (e)-(g) show the states for the larger (1 µm radius) and smaller (0.5 µm radius) size particles,
respectively. The scale bar (same in all these panels) corresponds to 2 µm. (a),(e): Brownian motion of particles in the absence
of illumination. (b),(f): typical motion at low to moderate light intensity; the larger particles exhibit a significant in plane
motion away from the cap, evidenced by the 3 seconds back-tracked (past times) trajectories shown as red lines ending at the
current positions on the particles, while the smaller particles exhibit a tendency of “cap down” orientation with small uplift
from the surface. (c),(g): At large values of light intensity the particles move out of the wall, as shown by the out focused
diffuse rings. The images show the state at 8 s after the light source was turned on. The insets in (c) and (g) show the state
shortly after the snapshots in the main panels: almost all of the particles are now out of the focal plane.
(d),(h): three dimensional, persistent upward motion against gravity, for the smaller and larger particles, respectively. The
trajectories shown are obtained by particle tracking using holographic microscopy and correspond to a 30 s observation time.
Note that in (d) two instances of sliding followed by lift-off are captured (cyan and purple trajectories).
clearly confirmed by the three-dimensional trajectories,
tracked by using holographic microscopy, shown in Fig.
2(d) and (h) (see also the video S0 in the Supporting
Information (SI)).
By tracking the motion of the particles when they ex-
hibit wall-bound, two-dimensional motion (Fig. 2(b) and
(f)), it can be inferred that irrespective of their size the
colloids move with the catalytic cap at the back (“away”
from the catalyst). Furthermore, it can be seen in these
figures that when in wall-bound states of motion, the par-
ticles exhibit a pronounced preference for certain orienta-
tions of the catalytic cap with respect to the wall. How-
ever, the exact details of the wall-bound motion seem-
ingly depend on the size of the particle as follows.
For the larger size (R = 1.0 µm) particles, at low light
intensity (. 30 mW × cm−2) one observes motion pre-
dominantly along the wall (the red line trajectories shown
in Fig. 2(b)), with occasional departures away from the
wall of short time span and limited spatial extent. From
the trajectories in Fig. 2(b), which correspond to a track-
ing duration of 3 s, one infers an average speed of 3.2 µm
s−1 for the in-plane motion (see also the Video S1 in
the SI). Upon gradually increasing the intensity of light,
while the in-plane motion is still observed, it becomes
apparent that frequently the orientation of the particle
switches to “cap facing the wall”. This is followed by
(somewhat longer) excursions away from, but remaining
close to, the wall, and then a return to the wall with con-
sequent in-plane motion (see Video S2 in the SI). These
features remain present for a wide range of values of the
light intensity. Finally, at large values of the light inten-
sity (& 200 mW×cm−2) the in-plane motion is no longer
observed, but is replaced by a rapid lift-off of the parti-
cle from the wall. In Figure 2(c) we show an example of
the lift-off from the wall as a snapshot of the motion at
very large light intensity (& 320 mW× cm−2) taken very
soon after the particles lift-off from the wall (the diffused
black rings showing the particles that just moved out of
the focus of the microscope objective, see also the Video
S3 in the SI). The lift-off is now followed by a system-
atic reorientation of the cap to point towards the light
source (“down”) and persistent motion away from the
wall (against gravity) for as long as the light source is
on, as documented by the three-dimensional trajectories
in Fig. 2(d) obtained via holographic microscopy (see
Sec. IV for details of the holographic microscopy setup
and measurements, and the video S0 in the SI).
For the smaller size (R = 0.5 µm) particles, the pattern
of motion is distinctly different. At low light intensity,
the particles exhibit large fluctuations in orientation, and
no preferred orientation or significant directed motion is
observed. Upon increasing the light intensity to values
. 30 mW × cm−2), one clearly observes a tendency of
floating at some small height above the wall: the diffuse
4images of the small particles shown in Fig. 2(f) indi-
cate clearly that they are only slightly away from the
focal plane (which coincides with the wall). The size of
diffused rings and the change in the contrast of the parti-
cles image (see also the Video S4 in the SI) are indicative
of the TiO2 surface being oriented towards the bottom
plane and of the particle being slightly away from the
wall. Occasionally, short lived returns to the wall are ob-
served, accompanied by slow motion along the wall (see
the length of the trajectories (red lines) in Fig. 2(f)).
Finally, at large values of the light intensity, similarly to
the behavior of the larger particles, we observe complete
lift-off from the surface and persistent motion away from
the wall (source of light). Such a lift-off event at light
intensity of 150 mW × cm−2 is shown in Fig. 2(g) (see
also the Video S5 in the SI), while the persistent motion
against gravity is documented by the three-dimensional
trajectories in Fig. 2(h), obtained via holographic mi-
croscopy (see also the Video S0 in the SI).
FIG. 3. High-speed camera captured reorientation and lift-
off event for a small (0.5 µm radius) size Janus particle upon
turning the light source on. (a) the state right before the
light turned is turned on. (b)-(d) reorientation of the particle
under the illumination, bringing the photo-chemically active
cap “down”, facing towards the light source. (e),(f) Once the
particle reorients, it starts moving up: the diffuse images show
that the particle is located away from the focal plane of the
microscope, which coincides with the wall.
While it is known that swimming against the gravity
can be achieved with bottom heavy Janus particles de-
signed to move away from their denser catalytic caps [7],
this is clearly not the case with our system. As discussed
above (Fig. 2(a),(d)) bottom heaviness does not seem to
be the effective feature and, furthermore, for the larger
size particles it is evident that the orientation of the cap
is rather determined by the light intensity. This moti-
vated us to look also in more detail at the behavior of
the smaller size particles at the onset of lift-off by us-
ing a high-speed camera. In Fig. 3 (a)-(f) we show the
sequences of a typical lift-off event for a small particle,
captured at high frame rate immediately after the light
source is turned on (see also the Video S6 in the Sup-
porting Information). These evidence a rapid response
of the particle in that it rotates its catalytic cap towards
the light, and then lifts off the surface. The observed re-
orientation time of ∼ 0.23 s (see the time stamps in Fig.
3(a)-(d)) is approximately three times smaller than the
rotational diffusion time (∼ 0.76s) of a Brownian particle
of radius 0.5 µm in unbounded fluid; this strongly argues
that the reorientation is being driven by light-source po-
sitioning and photo-catalytic activity rather than by the
thermal fluctuations.
Summarizing the experimental observations, we have
observed that for the photo-chemically active titania-
silica Janus colloids there exists a size-dependent thresh-
old light intensity above which the particles lift-off and
move persistently upwards. This feature provides the
means to address by size the particles in a polydisperse
mixture and induce, for a fraction of them, motion in
the volume, rather than on the surface; the process is
reversible (decreasing the light intensity brings the par-
ticles back to the surface). Such a selective lift-off of
the small size particles from the mixture of 0.5 and 1
µm radius particles is shown in the supplementary Video
S7. Furthermore, below the threshold intensity, the in-
plane motion as well as the orientation of the particles
also show different characteristics for particles of differ-
ent sizes: the larger size particles show significant sliding,
while the smaller particles tend to orient “cap down” and
float near the wall. To understand the mechanisms be-
yond this phenomenology, and in particular the depen-
dencies of the size of the particles, in the next section
we develop and study a theoretical model of self-phoresis
that explicitly accounts for the “shadowing” effect of the
Ti/titania layers. The issue of the three-dimensional mo-
tion after the lift-off, which required dedicated experi-
mental studies as well as an involved theoretical analysis
properly accounting for the effect of thermal fluctuations,
will be presented elsewhere [28].
II.2. Theoretical model
The model we consider for a light-activated catalytic
Janus particle in the vicinity of a planar wall is as fol-
low. The spherical particle of radius R is half-covered
by catalyst, and its orientation is defined by the vector
dˆ laying along the axis of the symmetry and pointing
from the catalytic pole to the inert pole. The center of
the sphere, xp = (xp(t), yp(t), zp(t)), is at height h = zp
above a (transparent) planar wall located at z = 0, and
the particle orientation vector dˆ makes an angle θ with
respect to the normal vector to the wall, which is in the zˆ
direction (see Fig. 4). The system is illuminated from be-
neath the (transparent) wall and the particle is “opaque”
to light; therefore, for θ = 180◦ the catalytic cap of the
particle faces away from the wall and is completely in
shadow, while for θ = 0◦, the entire catalytic cap is il-
luminated. Considering for the moment the dynamics in
the absence of thermal fluctuations, we can assume with-
out loss of generality that the vector dˆ is in the xz plane.
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FIG. 4. Schematic depiction of a spherical, photo-chemically
active Janus particle located near a planar wall. The center
of the particle is at height h above the wall, and the orienta-
tion dˆ of the particle makes an angle θ with the normal zˆ to
the wall.The system is illuminated from underneath the plane
and the particle is “opaque” to light (geometric shadowing),
which is illustrated by the two colors on the catalytic cap:
brown for the illuminated region, and black for the shadowed
region. Chemical reactions at the illuminated catalyst lead
to release of solute molecules (shown as tiny green disks) into
the surrounding solution. Gradients of solute concentration
drive self-diffusiophoretic slip on the surface particle, as well
as chemi-osmotic slip on the planar wall. Self-propulsion of
the particle with translational and rotational velocities U and
Ω, respectively, emerges.
We will model the active motion of the colloid within
the classical framework of neutral diffusiophoreis [12, 13].
In brief, the illuminated region of the catalytic face of
the particle creates product molecules (“solute”), and the
gradient in solute density along the surface of the parti-
cle induces a phoretic slip, which drives the motion of
the particle with translational and rotational velocities
U and Ω, respectively. The detailed mathematical for-
mulation of our model is provided in Sec. IV.4. We note
here that similarly simple models have been successfully
employed to capture the experimentally observed emer-
gence of sliding along walls, cross-stream migration, or
motion guided by topographical patterns [14, 26, 29, 30].
Irrespective of the presence of the wall, the motion
of the particle in general results from the interplay of
1.) particle weight (i.e., sedimentation), 2.) bottom-
heaviness, and 3.) light-induced activity, each of them
defining a characteristic velocity.
1. The particle weight (i.e., buoyancy) can be charac-
terized by a sedimentation velocity V s. This veloc-
ity is calculated for an inactive particle in free space
(i.e., far away from bounding surfaces.) depending
on the geometry of the particle, its material com-
position, etc.
2. The catalytic cap of the particle is associated with
bottom-heaviness, due to its weight and displace-
ment from the particle center. Bottom-heaviness
introduces a gravitational torque τbh ∼ τbh0 sin θ,
and hence can be characterized by the maximum
rotational velocity of a particle in free space, Ωbh0 =
τbh0 /8πηR
3.
3. The quantity Ud,fs is the velocity of an active par-
ticle with a completely illuminated cap (θ = 0◦)
that is far away from bounding surfaces (i.e., is in
f ree space). Additionally, for the purpose of this
definition, the particle is assumed to be neutrally
buoyant (i.e., has the same density as the suspend-
ing fluid) and not bottom-heavy. Under these con-
ditions, the particle will move in the dˆ direction
(i.e., along the axis of symmetry) with dθ/dt = 0.
Therefore, we first seek to characterize the relative impor-
tance of the three effects. By expressing the velocities in
units of V s, the other two characteristic velocities above
introduce two dimensionless parameters. The first is the
bottom-heaviness parameter G:
G ≡
Ωbh0 R
V s
. (2)
It is important to note that this parameter is size depen-
dent. In general, the total weight of the particle will scale
as R3, where R is the radius of the particle. Since the
Stokes drag coefficient of the particle scales as R, the sed-
imentation velocity V s ∼ R2. The characteristic torque
from bottom-heaviness τbh0 is due to the weight of a cap
with area∼ R2 and thickness t (where t << R), as well as
the displacement ∼ (R+ t) ≈ R of the cap center of mass
from the particle center, such that τbh0 ∼ R
3. There-
fore, Ωbh0 ∼ R
0, i.e., Ωbh0 has a negligible dependence on
R. Accordingly, we find that G ∼ R−1, and therefore
the value of G will vary between the experiments with
particles of different sizes. The experimentally relevant
range of values for G can be estimated as follows. We
recall that the light-activated particles employed in this
study have a “double film” structure. The first layer has
a thickness t1 = 5nm and is composed of Ti, which has
a density of ρTi ≈ 4.5× 10
3 kg/m3. The second layer has
a thickness t2 = 50 nm and is composed of titania, which
has a density of ρTiO2 ≈ 3.78×10
3kg/m3. Seeking only a
rough estimate of G, we make the simplifying assumption
of replacing the structure above with a single layer of ef-
fective density ρcap ≈ 4000 kg/m
3
and effective thickness
t = 55 nm, with the “eggshell” geometry (cap thickness
varies smoothly from zero at the particle “equator” to a
maximum at the catalytic “pole”) proposed by Ref. [7].
This leads to values G ≈ 0.1 for an R = 0.5µm particle,
and G ≈ 0.05 for a R = 1µm particle.
The second dimensionless parameter A characterizes
activity:
A ≡
Ud,fs
V s
. (3)
6This parameter is very difficult to calculate a priori, par-
ticularly since it requires knowledge of the exact interac-
tions with the particle for each of the molecular species
in the solution [12]. Moreover, the velocity of a particle
observed in typical experimental conditions (e.g., a par-
ticle moving near a substrate) will not be the same as
Ud,fs, recalling the definition of Ud,fs given above. How-
ever, progress can be made by assuming that the exper-
imentally observed near-wall velocities and Ud,fs are of
the same order of magnitude. Hence, Ud,fs ∼ 1µm/s
to 20µm/s, depending on the light intensity and other
conditions. Since a typical value of V s is V s ∼ 3µm/s,
we arrive at the conclusion that A, as a free parameter,
may vary between typical values of A = 0.1 (low light
intensity) and A = 10 (high light intensity).
With these estimates, we are now in position to employ
the model and study the influence of the size of the par-
ticle and of the light intensity on the emerging dynamics.
II.3. Theoretical analysis
We study theoretically the phenomenology for the two
sizes of particle employed in the experiment upon in-
creasing the light intensity and we show here that the
model captures the main features of the experimental
phenomenology for the two sizes. In the language of
our model, analyzing the dynamics of a particle of given
size as a function of the light intensity translates to fix-
ing the bottom-heaviness parameter G, i.e., G = 0.1 for
the smaller particles and G = 0.05 for the larger ones,
while varying the activity parameter A, which encodes
the effect of light intensity, in the experimentally rele-
vant range 0.1 ≤ A ≤ 10 (low to high intensity). For
a given light intensity A, the behavior of a particle is
compactly summarized by a phase portrait showing the
evolution of the particle height h and orientation θ from
any initial h0 and θ0.
In Fig. 5, we show the phase portraits for a small
particle corresponding to value A = 0.2, A = 0.5, and
A = 0.8, i.e., low, moderate, and high light intensity, re-
spectively. For low intensity, the particle is attracted to a
“cap-down” steady state (green circle) in which the par-
ticle hovers at a steady height h∗ above the wall, with
its cap pointing directly towards the wall (θ∗ = 0◦).
The “cap-down” orientation of the particle and the so-
lute concentration around the particle in a hovering state
is depicted in Fig. 6. At the steady height h∗, the con-
tribution of swimming activity to the vertical velocity
is exactly balanced by particle heaviness (i.e., the sedi-
mentation velocity.) The stability of this state against
perturbations to the particle height can be understood
from straightforward arguments. Due to the presence of
the hard, impenetrable wall, the concentration of solute
molecules in the space between the cap and the wall is
enriched, relative to the concentration for a particle in
unbounded liquid. The concentration gradient on the
surface of the particle s, accordingly, enhanced, leading
G = 0.1  (small particles)
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FIG. 5. Phase portraits for small particles (G = 0.1) for
various activity parameters A. All other parameters are as
given in the text. Green circles indicate attractors.
to a higher swimming velocity than the bulk value Ud,fs.
If the particle is perturbed to a height below h∗, the
solute confinement effect is enhanced; the swimming ve-
locity becomes larger than the sedimentation velocity,
and the particle moves away from the wall. If, instead,
the particle is perturbed to a height h > h∗, the solute
7confinement effect is weakened, the swimming velocity
becomes less than the sedimentation velocity, and the
particle moves towards the wall.
The “cap-down” steady state noticed above is also sta-
ble against perturbations of the orientation of the parti-
cle, i.e., small changes in the angle θ away from θ = 0◦.
There are several effects that contribute to the angu-
lar velocity of a particle. We have previously discussed
bottom-heaviness. Our model also includes rotation by
solute gradients, i.e., phoretic rotation. This effect arises
due to the material difference between the two faces of
the particle, which, in the framework of our model, trans-
lates into a contrast of phoretic mobilities (Sec. IV.4).
We note here that we have chosen the parameters of our
model to recover the experimental observation that parti-
cles rotate their catalytic face towards the source of light.
Therefore, both bottom-heaviness and phoretic rotation
drive rotation of the particle cap towards θ = 0◦.
 3 
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FIG. 6. Concentration field around a small particle in a “hov-
ering” state with A = 0.2. The particle height and orientation
are h∗/R = 1.5 and θ∗ = 0◦, respectively. The concentration
is scaled by the characteristic concentration c0 ≡ κR/D.
Now we consider the dynamics at A = 0.5, i.e., mod-
erate light intensity. The particle is still attracted to a
cap-down steady state, but this state has shifted to a
larger height h∗, due to the faster swimming velocity of
the particle. If A is increased even further to A = 0.8,
there is no longer any steady state in range of heights
(1.02 < h/R ≤ 3.1) considered. For all initial heights
and orientations, the particle leaves the vicinity of the
wall.2 This behavior agrees with the expectation that
once A ≈ 1, i.e., once the swimming velocity becomes
larger than the sedimentation velocity, the particle will
be able to overcome the effect of gravity and swim away
from the wall.
We now turn to the case of the larger size particles
(G = 0.05), which exhibits a much richer phenomenol-
ogy as shown by the phase portraits in Fig. 7. At low in-
2 From the diagram, it can be seen that if the particle is initially
oriented towards the wall, i.e., θ ≈ 180◦, the particle “crashes”
into the wall, i.e., the particle height passes below the lower cutoff
for our numerical calculations, h/R = 1.02. We have confirmed
that if we include a short-ranged repulsive potential between the
particle and the wall, these trajectories do indeed leave the wall.
tensity (A = 0.2), there is a cap-down attractor, but it is
bistable with a “sliding” state. In a sliding state, the par-
ticle maintains a steady orientation θ∗ ≈ 90◦ and height
h∗ and swims along the wall. The solute concentration
around a sliding particle is depicted in Fig. 8(a). As
the light intensity is increased to moderate values (e.g.,
A = 0.5), the cap-down state shifts towards higher val-
ues of h∗, but the sliding state remains in roughly the
same position. For even larger values of the light inten-
sity (e.g., A = 0.8), the cap-down attractor disappears,
but the sliding state persists; in fact, the sliding state is
robust for a broad range of A. At very high light intensi-
ties, above a critical threshold Ac ≈ 2.1, the sliding state
attractor disappears. Therefore, for A > Ac, the parti-
cle will leave the vicinity of the wall for any initial height
and orientation. Surprisingly, the particle can swim away
from the surface even for some orientations θ > 90◦, i.e.,
with the cap tilted away from the wall. This result high-
lights the role of the shadowing in the dynamics of a
particle: as illustrated in Fig. 8(b) the particle tends to
swim away from the illuminated area of the cap, instead
of away from the catalytic pole.
As discussed in connection with the small particles,
bottom-heaviness and phoretic rotation both tend to
drive the particle towards a cap-down orientation, θ = 0◦.
Therefore, to explain the emergence of a stable angle
θ ≈ 90◦ for large particles, there must be other signif-
icant contributions to the angular velocity. Our model
includes hydrodynamic interactions with the wall that
are induced by the swimming activity of the particle. In
brief, by swimming, the particle generates flows in the
surrounding solution. These flows scatter off the wall,
coupling back to the particle and contributing to the
rotation [31]. Additionally, our model includes chemi-
osmotic surface flows driven on the wall by particle-
generated solute gradients. These chemi-osmotic surface
flows drive flow in the bulk solution, coupling back to
the particle. For large particles, the effect of bottom-
heaviness is small enough (G = 0.05) for a stable orien-
tation θ ≈ 90◦ to emerge from the interplay of phoretic
rotation, bottom-heaviness, hydrodynamic interactions,
and chemi-osmotic wall slip.
In summary, the predictions of our theoretical model –
a cap-down state for small particles, and the emergence
of a sliding state for large particles – capture the most
significant features of the experimental observations. In
agreement with the experimental observations of clear
qualitative distinction between the behaviors of small and
large particles, the model predicts that the small parti-
cles “hover” above the wall at low light intensities, and
swim away at high light intensities. Large particles are
observed in the experiments to swim along the wall, and
occasionally leave the vicinity of the wall, for a broad
range of light intensities. This behavior corresponds to
the bistable dynamics predicted by our theory. Finally,
at high light intensities the dynamical attractors disap-
pear, and the flows in the corresponding phase plots im-
ply that the large particles also swim away from the wall,
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FIG. 7. Phase portraits for large particles (G = 0.05) for various activity parameters A. All other parameters are as given in
the text. Green circles indicate attractors. Red crosses indicate saddle points.
as observed in the experiments at high light intensities.
We end this section with a brief comment on the
fact that the theoretical framework employed is deter-
ministic and does not incorporate the effects of ther-
mal fluctuations. It is reasonable to ask whether the
dynamical attractors are robust against thermal noise.
This question can be most straightforwardly addressed
in terms of the Pe´clet number of the particle, Pe, de-
fined as Pe ≡ V sR/DT (where DT = kBT/6πηR is
the translational diffusion coefficient of a particle in free
space), which characterizes the significance of thermal
noise: i.e., noisy systems have a small Pe´clet number.
Since V s ∼ R2, as discussed above, Pe is a strongly
size-dependent quantity: Pe ∼ R4. For the small par-
ticles, we estimate Pe ≈ 1, and for the large particles,
Pe ≈ 15. These values indicate that the small parti-
cles will exhibit strong fluctuations around the cap-down
state, which explains why this state is difficult to identify
in an experiment, while large particles will exhibit only
moderate fluctuations around the bistable cap-down and
sliding states.
III. CONCLUSIONS
We have studied experimentally and theoretically the
motion of photo-chemically active, spherical Janus par-
ticles made out of silica cores and half covered with a
Ti/titania bilayer upon UV illumination. We have exper-
imentally demonstrated that photo-gravitactic swimming
can be achieved with these light powered Janus particles:
for sufficiently large light intensity, above certain thresh-
old values that are dependent on the size of the particle,
the particles lift-off from the surface and swim upward,
away from the light source and against gravity. Further-
more, we have evidenced that for light intensity below
the lift-off threshold, the motion of small and large par-
ticles near the wall exhibit qualitatively different behav-
iors. By using a theoretical model within the framework
of self-diffusiophoresis, we have captured both the size-
dependence of the lift-off threshold intensity, as well as
the qualitatively different behavior below the threshold
intensity. The small particles “hover” above the wall at
9(b)
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FIG. 8. (a) Concentration field around a large particle in a
“sliding” state with A = 0.5. (b) Concentration field around
a large particle taking off from the surface with A = 2.2.
The particle height and orientation are h/R = 1.5 and θ =
115◦, respectively. Although the cap is tilted slightly away
form the wall, the particle can still leave the surface, since its
direction of motion is directed approximately away from the
illuminated area of the cap. In both cases, the concentration
is scaled by the characteristic concentration c0 ≡ κR/D. Here,
we might include a figure panel showing a lift-off trajectory
low light intensities, while the large particles exhibit a
bistable dynamics (sliding and hovering), as experimen-
tally observed.
The results of our study provide an avenue for novel ap-
plications of chemically active colloids based on designing
photo-gravitatic particles. For example, such particles
can reversibly switch between operating near a boundary
or in the volume away from the boundary by judiciously
adjusting the light intensity, and polydisperse mixture of
active particles can be addressed in specific size ranges
for movement in or out of the boundary region.
IV. METHODS AND MATERIALS
IV.1. Fabrication of light-driven Janus Particles
The light driven active Janus particles were prepared
by coating of anatase phase TiO2 thin film over com-
mercial (micromod) SiO2 microspheres (0.5 and 1 µm
radius) as follows. First, a monolayer of SiO2 parti-
cles was formed on a Si substrate by using a standard
Langmuir-Blodgett method [32]. The substrate with the
monolayer of particles was transferred to the chamber of
a vapor deposition system and a 5 nm film of titanium
(Ti), subsequently followed by a 50 nm film of TiO2, was
deposited on the particles by using e-beam evaporation
at normal incidence. The Ti film, which adheres very well
to the SiO2 surface, provides a significantly improved ad-
hesion for the TiO2 film as compared to the one of the
SiO2 surface. The as-deposited TiO2 film is amorphous;
therefore, the phase transformation from amorphous to
the photo-active anatase phase has been induced by an-
nealing the Janus particles at 450 ◦C for two hours in air
[18]. In the final step, the Janus particles so fabricated
were detached from the substrate by sonication in water.
IV.2. Illumination and particle tracking
For each experiment, a small volume of the aqueous
suspension with Janus particles of the desired size is
mixed with a corresponding volume (for a 2 % volume
concentration) of peroxide solution immediately prior to
the start of the experiment. A sessile droplet of the mix-
ture is formed on a plasma-cleaned glass cover slip, in
air, and the particles are allowed to sediment. The drop
is imaged from underneath by using a microscope with
a a 63X objective in an inverted geometry, and the im-
age acquisition is performed at 10 to 100 frames per sec-
onds. The particles are set in motion by UV illumina-
tion. A 365 nm UV light emitting diode was used to
illuminate the sample through the objective lens in an
epifluorescence-type set-up. The simultaneous imaging
is performed with white light in transmittance mode by
using a set of beam splitter and filters which reject the
UV light while allowing white light coming from top of
the sample to reach the camera. The maximum UV in-
tensity in the sample plane that could be achieved in this
set-up was 320 mW× cm−2. The particle tracking in the
video recordings of the experiment was subsequently per-
formed using the ImageJ distribution Fiji and the plugin
TrackMate [33].
IV.3. Particle tracking in three dimensions
For three-dimensional motion, particle tracking was
achieved by employing digital inline holographic mi-
croscopy (DIHM). This method has previously been
used to track, among other things, microscopic particles
[34, 35] and microorganisms [36–38]. Our optical setup
is built around an inverted optical microscope, and has
been described in more detail elsewhere [38]. The key
modification to a standard bright-field configuration was
made by replacing the illumination system with a single-
mode optical fiber, coupled to a laser diode (wavelength
642 nm). The fiber is terminated with a free-space cou-
pler, which directs light on to the sample. Particles in
the sample scatter some of the incident light, which in-
terferes with the unscattered light to form a hologram
at the image plane. The hologram image was captured
by a CMOS sensor (Mikrotron MC-1362) with a resolu-
tion of 1024 × 1024 pixels at a frame rate of 100 Hz.
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Each experimental run consisted of eight uncompressed
video sequences, 2800 frames in length. Two types sam-
ples were imaged: particles of radius 0.5 µm, using a 20x
objective lens (a notional pixel size of 0.708 µm); and
particles of radius 1.0 µm, using a 100x oil immersion
objective lens (yielding a pixel size of 0.14 µm). The
latter was chosen to allow the high optical power den-
sity, of approximately 300 mW × cm−2 in the sample
plane, necessary in order to achieve photo-gravitaxis of
the larger (and thus heavier) particles. Volumetric data
was reconstructed from each instantaneous hologram by
using the Rayleigh-Sommerfeld back-propagation scheme
[39], and a method based on the Gouy phase anomaly [40]
was used to locate particles within this volume. Particle
tracks were assembled by correlating the positions of the
particles in subsequent frames.
IV.4. Mathematical formulation of the model
The geometry of the system is as specified in Sect.
II.2. The model we use for the dynamics of a light-
activated catalytic Janus particle is defined as follows.
Over the illuminated region of the catalytic face of the
particle, there is an outward flux of product molecules
(“solute”) that is locally proportional to the flux of inci-
dent light. The solute number density field c(x) is gov-
erned by the Laplace equation, D∇2c(x) = 0, where x
is a point in the liquid solution, and D is the diffusion
coefficient of the solute molecules. The boundary condi-
tion on the solute number density field is −D [nˆ · ∇c] =
κ (nˆ · zˆ)Θ(−nˆ · zˆ)Θ(−nˆ · dˆ) over the surface of the par-
ticle, and −D [nˆ · ∇c] = 0 on the wall. Here, Θ(x) is the
Heaviside step function, and the local surface normal nˆ
is defined to point from the surface into the liquid solu-
tion. In the boundary condition on the particle surface,
the first step function represents the condition that only
illuminated areas produce solute, while the second step
function represents the condition that this only occurs on
the catalytic cap. Additionally, the solute number den-
sity field decays to a constant value c∞ far away from the
particle. The solute production rate κ is some function of
the light intensity I, κ = κ(I), with κ(0) = 0; we assume,
as suggested by the experimental observation, that κ(I)
is a monotonously increasing function. We note that this
model of light-activated solute production is similar to
the one of Cohen and Golestanian [41], here applied to
Janus particles instead of particles with a uniform surface
chemistry.
In order to model propulsion driven by solute gra-
dients, we employ the classical theory of neutral self-
diffusiophoresis [12, 13, 19]. The suspending fluid is an
incompressible Newtonian liquid with mass density ρ and
dynamic viscosity η. We assume small Reynolds number
Re ≡ ρV sR/η, so the fluid velocity u(x) and pressure
P (x) are governed by the Stokes equation−∇P+η∇2u =
0 and the incompressibility condition ∇ · u = 0. The in-
teraction of the solute molecules with a bounding solid
surface (i.e., the wall or one of the particle faces) drives
a surface flow that is modeled by an effective slip veloc-
ity vs(xs) = −b(xs)∇||c(x)|x=xs . Here, xs is a point on
a bounding surface, ∇|| ≡ (I− nˆnˆ) · ∇, and b(xs) is a
material dependent parameter (the so-called “surface” or
“phoretic” mobility) that encapsulates the molecular de-
tails of the interaction between the solute and the surface.
We note that b < 0 represents an effective repulsive inter-
action, and b > 0 represents an effective attractive inter-
action. The fluid velocity obeys the boundary conditions
u|x=xs = U+Ω×(xs−xp)+vs(xs) on the particle surface
and u|x=xs = vs(xs) on the wall. Here, U and Ω are the
(yet unknown) translational and angular velocities of the
particle, respectively. Additionally, the fluid is quiescent
far away from the particle, i.e., v(|x − xp| → ∞) = 0.
To close the system of equations for U and Ω, we write
a force balance equation,
∫
σ · nˆ dS = −Fg and a torque
balance equation,
∫
(xs−xp)×σ · nˆ dS = −τ
bh, with the
integrals taken over the surface of the particle. Here, Fg
is the buoyancy force on the particle, τ bh is the torque
due to bottom-heaviness, and σ ≡ −P I+ η
[
∇u+∇Tu
]
is the stress tensor for a Newtonian liquid.
We take the surface mobility b(xs) to be piecewise
uniform, so that b(xs) = bcap over the catayltic cap,
b(xs) = binert over the inert face of the particle, and
b(xs) = bw on the wall. Based on the experimental ob-
servations, we seek to estimate reasonable values for these
parameters. First, noting that the inert face and the wall
are both made of silica, we assume binert = bw. Secondly,
we recall the definition of Ud,fs given above. Analytically,
it can be shown that for this model,
Ud,fs
U0
≈−
sgn(bcap)
12
(
1 +
binert
bcap
)
− sgn(bcap)
1447
32768
(
1−
binert
bcap
)
, (4)
with the quantity U0 ≡
|bcap|κ
D
[28].
Since the particle moves away from its catalytic cap
in free space, we require Ud,fs > 0. This places cer-
tain bounds on binert and bcap: either (i.) bcap < 0
(the cap has a repulsive interaction with the solute) and
binert/bcap > −3.3, (ii.) or bcap > 0 (the cap has an
attractive interaction with the solute) and binert/bcap <
−3.3.
Furthermore, we note that in the experiment the par-
ticles are observed to rotate their caps to face the light
when they are in bulk solution. Since this alignment
strengthens with increasing light intensity, it is not sim-
ply an effect of bottom-heaviness, but is also driven by
catalytic activity.3 This phoretic rotation can be cap-
tured within our model by a surface mobility contrast,
bcap 6= binert. It can be shown (we omit the details for
3 As previously remarked, a detailed analysis of the three dimen-
sional motion of the light activated particles is in progress and
it will be published elsewhere.
11
brevity) that the observed alignment of the cap towards
the light entails either (iii.) bcap < 0 and binert/bcap > 1,
or (iv.) bcap > 0 and binert/bcap < 1.
Choosing the more restrictive conditions from (i) and
(iii), and from (ii) and (iv), we conclude that either (A.)
bcap > 0 and binert/bcap < −3.3 or (B.) bcap < 0 and
binert/bcap > 1. Now we consider condition (A). In this
case, there is a very strong surface mobility contrast, and
hence very strong phoretic rotation. We find that, in
this case, phoretic rotation dominates other effects that
induce particle rotation, and always drives θ to θ = 0◦.
Therefore, the experimentally observed “sliding” state of
larger particles cannot be reproduced if the parameters
are chosen according to (A). Consequently, we choose
condition (B), with a modest surface mobility contrast
binert/bcap ' 1 that does not overwhelm other contri-
butions to particle rotation; in particular, we assume
binert/bcap = 1.1. Since the inert core and the catalytic
cap are both oxide materials, it is indeed reasonable to
suppose that they have similar molecular interaction po-
tentials with the solute, and hence similar surface mobil-
ities.
Finally, we recall that we chose V s as a characteris-
tic velocity scale, and that we represent the effects of
activity and bottom-heaviness by the non-dimensional
parameters A and G, respectively. Accordingly, we set
F
g = −6πηRV szˆ, which ensures that U = −V szˆ when
the light is turned off and the particle is far away from
the wall (h/R ≫ 1). In order to introduce G into the
model, we set τ bh = −8πηR2GV s sin(θ)yˆ, as implied by
Eq. (2). At this point, the only unspecified parameters
are bcap, D, and κ. From Eq. (4) (see also, e.g., Refs.
[29, 30]), it can be inferred that the contribution of ac-
tivity to the generalized velocity (U,Ω) of the particle
is proportional to the quantity U0 =
|bcap|κ
D
. Therefore,
it is not necessary to specify bcap, D, and κ individually,
but only their in the combination U0. Combining Eqs.
(3) and (4) for bcap < 0 and binert/bcap = 1.1, we find
that U0 ≈ 0.17AV
s.
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